The influence of the melting conditions on the graphite morphology and the grain number of the matrix in a Ni-C alloy was studied. Two groups of parent alloys were prepared using high purity materials, one group containing the spheroidizing element of Ce, Mg or Ca, while in the other group, S was added as an anti-spheroidizing element.
Introduction
It is well known that the spheroidal graphite cast iron has a better comprehensive mechanical property (strength, toughness, wear resistance, etc.) compared to the flake graphite cast iron. In 1948, Morrogh 1, 2) and Gagnebin 3, 4) added Ce or Mg to the cast iron, and the spheroidal graphite cast iron was invented as a new kind of material with a superior property. Since then, much research work has been conducted in order to explain the formation mechanism of the spheroidal graphite phase in cast iron. In past research, many parameters were found to affect the graphite morphology. As was indicated by Lux 5, 6) in 1972, the sulfur and oxygen contents and the cooling rate significantly affect the formation of the spheroidal graphite. The influence of the atmosphere was also investigated by Hurst, 7) who tried to reduce the adverse effects of the gases using a hot-extraction gas analysis method aiming at studying the actions of hydrogen, oxygen and nitrogen. The effect of the heat treatment on the mechanical properties of the spheroidal graphite iron was confirmed by the studies of Vennerholm 8) in 1950. Braidwood 9) indicated that among these measures of obtaining the spheroidal graphite morphology, the most effective one was the addition of the spheroidizing elements.
Jung et al. 10) also did some research using the Fe-C alloy, determining the relationship between the combined effect of the S content and the cooling rate on the graphite morphology. Their results showed that at the cooling rate of 100 K/min, the critical S content needed to form the spheroidal graphite was 1 mass ppm. When the S content is greater than 86 mass ppm, no spheroidal graphite could be observed, and the graphite morphology is flake. At the cooling rate of 1 K/min, the graphite morphology was plate-like even at a low S content of 1 mass ppm. The relationship between the cooling rate and the S content in the graphite formation process was also studied by Nakae, 11) indicating that the critical cooling rate could be reduced with a decrease in the S content; nevertheless, for the Ce-added one, the critical cooling rate is much lower due to their significant low S activity.
Ni and Fe have similar properties because they are of the same family in the periodic table of the elements. The phase diagram of the Ni-C alloy is much simpler than that of the Fe-C alloy, and there is no transformation after solidification, while there is an austenite-ferrite transformation in the Fe-C alloy, which makes it difficult to observe the solidified structure. Therefore, it is more convenient to investigate the graphite formation mechanism in the Ni-C alloy than in the Fe-C alloy. For the Ni-C alloy, some research [12] [13] [14] was car-ried out on the effect of experimental parameters, which affect the graphite morphology, while other research 15, 16) was done on the graphite growth mechanism. Nevertheless, its formation mechanism is still not clear. Moreover, much attention has been paid to the graphite morphology, while there was little research on the crystallographic orientation of the matrix around the graphite. In our past research, 17) we determined that the etch pit of the matrix around the sphroidal graphite is hexagonal, while that of the massive graphite is polygonal. This phenomenon suggested that there is some difference in the crystallographic orientation of the matrix around the different morphologies of the graphite. According to the 'One Way Nucleation' theory, [18] [19] [20] [21] [22] the graphite provides a nucleus for the solidification of the austenite on it, while the austenite does not act as the nucleus for the graphite. Therefore, it is interesting to investigate the crystallographic orientation of the matrix around the graphite, which provides some information of the growth pattern of the Ni-austenite on the graphite in the Ni-C alloy.
In this study, a series of experiments were carried out in order to investigate in detail the effects of the cooling rate, the atmosphere and the holding time on the graphite morphology of the Ni-C alloys. The crystallographic orientation of the matrix around the graphite was also studied in the Ni-C alloy with different graphite morphologies by EBSD observations.
Experimental Setup and Procedure

Sample Preparation
Pure nickel was melted by a high-frequency induction furnace with Ar gas flowing at 1.0 L/min, and different amount of NiS, 99.999%Si, high-purity graphite, spheroidizing elements of pure Ce, pure Ca or Mg2Ni were added to the melt to produce different kinds of alloys. After melting, the melt was cast into ceramic tube molds of 10 mm diameter. The chemical compositions of the samples, Group 1 and Group 2, are given in Table 1 . The Group 1 samples were sulfur-free, while the Group 2 samples contained a small amount of sulfur except for Sample ⑤.
Experimental Procedure
The experimental apparatus is an infrared gold image lamp furnace consisting of a gas-inlet, an image furnace, and a gas-outlet system, as shown in Fig. 1 . The image furnace was equipped with a 1 kW halogen lamp, a B-type thermocouple with a 4 mm × 4 mm × 0.2 mm Pt-plate, a vacuum pump and a PID temperature controller. The inside wall of the image furnace was elliptical and plated with Au to increase the reflection efficiency. Cooling air was also introduced to cool the lamp. A schematic illustration of the sample placement method is shown in Fig. 2 .
The thermocouple was placed right under the sample to monitor the sample temperature throughout the experiment, which was connected to the PID controller. The temperature was calibrated using the melting point of pure Ni before the experiment. The chamber was first evacuated by the rotary pump to about 1×10 -3 Pa, and then an Ar or Ar+3%H2 gas was introduced into the chamber. The cubic sample, weighting 0.5 g, was placed on the alumina plate and melted at 1 673 K within few minutes. After a specific holding time, the specimen was cooled at the different cooling rate of 20 K/min or 1 000 K/min. The heating and cooling cycle is shown in Fig. 3 . The specimen was longitudinally sectioned and polished to observe the graphite morphology using an optical microscope and an SEM. The SEM observation was carried out using the samples etched for 10 min in a corrosive liquid (HCl:H2O2=2:1) to observe the three-dimensional shape of the graphite.
The objectives in this study are as follows. Experiment-1: Influence of the cooling rate; Experiment-2: Influence of the sulfur addition; Experiment-3: Influence of the atmosphere and holding time; Experiment-4: Further investiga- In the crystallographic orientation investigation, the EBSD was introduced in order to observe the co-relationship between the graphite shape and the matrix orientation, which could be easily distinguished by the colors. Meanwhile, we used the "One Way Nucleation" theory to explain the growth mechanism of the Ni grains on the graphite, which has some relationship with the crystallographic orientation.
Results
Graphite Morphology
In Experiment-1, the Group 1 samples were melted and held for 15 min under the Ar atmosphere and then cooled at 1 000 K/min or 20 K/min to identify the effect of the cooling rate on the graphite morphology. However, no perfect spheroidal graphite could be recognized even at the cooling rate of 1 000 K/min. At the cooling rate of 1 000 K/min, the massive graphite formed, while the chunky graphite also existed. The morphology of the massive graphite is shown in Fig. 4 , while at the cooling rate of 20 K/min, chunky graphite formed as the only morphology, as shown in Fig. 5 . The sulfur content of the Group 1 alloys was about 2 mass ppm, and based on previous research, the spheroidal graphite could form in Fe-C alloy at the high cooling rate. Nevertheless, in this experiment, even if the cooling rate was as high as 1 000 K/min, the massive graphite formed instead of the spheroidal one. Based on this result, we postulate that the atmosphere contained some oxygen, which acted in the same way as the sulfur due to the very small size of the samples with a high specific surface area. On the other hand, the holding time was possibly slightly longer causing fading of the spheroidizing elements.
3.1.2. Experiment-2 Therefore, we changed the atmosphere from Ar to Ar+3%H2 in order to decrease the oxygen potential in the atmosphere. Meanwhile, the holding time was shortened to 10 min, while all the other experimental parameters were identical to those in Experiment-1. At the cooling rate of 1 000 K/min, perfect spheroidal graphite morphology was obtained in all the samples, as shown in Fig. 6 . When the cooling rate was decreased to as low as 20 K/min, the samples free of sulfur solidified with the chunky graphite morphology. While in the samples containing sulfur, the flake graphite formed, as shown in Fig. 7 . This was attributed to the low cooling rate, at which the sulfur in the alloy had sufficient time to react with the spheroidizing element to form the sulfide and then solidified as flake graphite, instead of having the undercooled condition at the high cooling rate to form the spheroidal graphite. 10) As can be seen from Figs. 5 and 7, the difference between the chunky graphite and the flake graphite can be easily distinguished by their threedimensional morphologies. The graphite morphologies from Experiment-2 are summarized in Table 2 (In the samples of the SG morphology, the chunky graphite also existed. While in the samples of the CHG/flake morphology, the chunky/ flake was the only graphite morphology.). Figure 8 shows the hexagon etch pit of the spheroidal graphite area, from which the spheroidal graphite fell out during the deep etching. Figure 9(a) demonstrates the massive graphite (marked with , quoted from Fig. 4) as well as the spheroidal graphite (marked with ). Figure 9 (b) is the models of the graphite morphology and the etch pit. The etch pit of the matrix around the spheroidal graphite is hexagon, while that of the massive graphite is polygon. The graphite in these two pictures shows one area in the field of view, and in the other area, the graphite morphology is identical. 
*SG: Spheroidal graphite **CHG: Chunky graphite © 2012 ISIJ
Experiment-3
By changing the atmosphere and the holding time, the spheroidal graphite morphology was observed in the samples held for 10 min and cooled at the rate of 1 000 K/min in the Ar+3%H2 atmosphere. In order to investigate which of the two parameters is more effective for the formation of spheroidal graphite in the Ni-C alloy, we designed Experiment-3 by separately changing the two parameters. The notations of these specimens were ⑤, ⑥, ③, and ⑧ in Table 1 , which provided different spheroidizing element and sulfur content conditions.
For the same holding time of 10 min and the cooling rate of 1 000 K/min, the spheroidal graphite formed in all the four samples both in the atmosphere of Ar and Ar+3%H2.
In the atmosphere of Ar+3%H2 at the cooling rate of 1 000 K/min, these specimens were melted at the different holding times of 10 min or 20 min. The spheroidal graphite formed in the 10-min-held samples. Nevertheless, in the 20-min-held ones, the spheroidal graphite was obtained in the ⑤ Ni-C and the ③ Ni-C-Mg samples, while in the ⑥ Ni-C-S and the ⑧ Ni-C-Mg-S samples, the chunky graphite formed as the only morphology.
These results show that the holding time significantly affects the graphite morphology in the alloys with sulfur. The chunky graphite formed as a result of the fading due to the long holding time. We can also confirm the identical fading effects of the S-and Mg-free samples (like ① and ⑤), i.e., the absence of the spheroidal graphite is due to the long holding time.
Experiment-4
In order to investigate the influence of the holding time on the graphite morphology, the holding time was reduced to 0 s, in which the sample was immediately cooled by switching off the lamp just after the melting. Considering some real time delay, the holding time was defined to be 1 min. The Ni-C, Ni-C-S, Ni-C-Mg, and Ni-C-Mg-S alloys were melted in the Ar+3%H 2 atmosphere and cooled at the cooling rate of 1 000 K/min.
These results showed that a perfect spheroidal graphite could form in all of the samples. We compared the chunky graphite fractions between the samples held for 1 min and 20 min. For the Ni-C alloy, the chunky fraction was 47.1% and 49.0% respectively, at the holding time of 1 min and 20 min, and they were nearly identical. For the alloys containing the spheroidizing element of Mg, the chunky fractions dramatically changed from 6.4% in the 1-min-held sample to 20.9% in the 20-min-held one. This should be due to the effect of the Mg fading due to the chemical reaction with the sulfur, which led to a decrease in the spheroidal graphite fraction.
Crystallographic Orientation of the Matrix
EBSD Observation Results
The surface of the spheroidal graphite consists of the (0001) basal plane of the graphite, and the matrix around it is supposed to be single crystal. 18) As can be seen from the shape of the etch pit around the massive graphite (shown in Figs. 4, 8  and 9 ), we suspect that the matrix around the massive graphite is polycrystalline. If this hypothesis is true, the matrix around the massive graphite is composed of many grains.
In order to confirm this hypothesis, the matrix was observed by EBSD. The results are shown in Fig. 10 for the spheroidal graphite and the massive graphite. The matrix grains could be distinguished by color, as the different colors represent different crystallographic orientations. Because the difference in the hardness of the graphite and the matrix has a harmful influence on the quality of the polished matrix surface, there was noise at the graphite/matrix interface. It is clear that the matrix around the spheroidal graphite is mainly single crystal and partly bi-crystals, while that around the massive graphite is poly-crystal, as expected.
Discussion
Based on the EBSD observations, the number of matrix grains around the spheroidal graphite and the massive graphite is quite different. The difference in the matrix grain numbers could be explained by the structural difference in the two graphite morphologies. Figure 11 (a) 23) is one of the models of the spheroidal graphite surface. The uneven surface of the spheroidal graphite is like a cabbage. Figure 11 (b) 23) shows the circumferential growth model of a graphite spheroid. The graphite prism plane (1010) proceeds forward with the growth of the graphite, and acts as a substrate for the Ni-austenite due to the one-way nucleation, which requires the lowest formation energy for the austenite to grow. There are many sites on the graphite surface for the growth of austenite, and the grain number of the matrix is determined by the number of dominant nucleus sites. When only one nucleus site exists, the austenite grows from there, and the matrix is of only one grain. Nevertheless, when the nucleus sites exceed two, the matrix is polycrystalline, which could also be confirmed by the EBSD results. In our experiments, the matrix grain number around one spheroidal graphite is only one or two. In fact, the situation that the grain number exceeds two also exists.
In the samples with the massive graphite morphology, the graphite surface is not smooth, which provides more nucleation sites for the Ni matrix to grow from. From the "the number of nucleus sites determines the grain number" theory, it is easy to understand why the matrix around the massive graphite is poly-crystal.
The matrix grain number around the graphite was confirmed for the first time in the Ni-C alloy, while it could not be confirmed in the study using the Fe-C alloys due to the transformation during the cooling from austenite to ferrite. Therefore, we cannot observe the solidified structure when employing the Fe-C alloys.
Conclusions
The influences of the cooling rate, atmosphere and holding time on the graphite morphology were studied by comparing the graphite morphologies under different experimental conditions using the 0.5 g Ni-C alloy samples. The grain number of the matrix around the spheroidal graphite and the massive graphite was investigated based on EBSD observations. The following points have been established in this study.
(1) The atmosphere and holding time are important parameters that affect the fading and the oxidation.
(2) Based on the change in the atmosphere from Ar to Ar+3%H2 in Experiment-2, oxygen has a similar effect as that of sulfur on the graphite morphology in the Fe-C alloy and the Ni-C alloy.
(3) The grain number of the matrix around the graphite is determined by the number of dominate nucleus sites on the graphite surface.
(4) The grain number of the matrix is lower in the alloy with the spheroidal graphite than that with the massive graphite.
